A combined biological and chemical process of purification and recycling of residual dyehouse effluents was developed, investigated and installed at a textile finishing company which produces 330,000 m 3 colored wastewater effluents per year. The process divided effluent into two streams. Both streams were subjected to anaerobic dye-cleavage, aerobic mineralization of cleavage-products and biomass separation. One stream was also membrane filtered and treated with ozone, which made possible the recycling of 60% of the total discharge. By these means it was possible to increase the quality of the treated streams for recycling purposes, as well as the dye capacity of the textile mill, and to minimize the operating costs. Furthermore, the municipal wastewater treatment plant into which the textile finishing mill's water is discharged, did not need to enhance its capacity.
Introduction
The introduction of production-integrated environmental protection by closing raw material cycles is described for the textile finishing industry. This industry is one of the businesses with the highest water requirements. Rising costs of wastewater discharge, lower lawful discharge limits, and the restricted availability of water make it necessary to introduce techniques to purify dye effluents and to recycle process water. The recycling of process water of textile mills and the introduction of effective and sustainable water recycling techniques in this area is often prevented by recalcitrant water-soluble azo dyes and their residual color. Currently the common method for the treatment of wastewater from the textile finishing industry is the physico-chemical adsorption and flocculation, in combination with a biological aerobic treatment in municipal wastewater treatment plants. The color and also the organic load of the dyes are not reduced effectively by precipitation and adsorption to biomass flocs. Furthermore the conventional treatment of colored effluents produces a lot of sludge, but does not remove all of the dyes and thus prevents the recycling of the treated wastewater. A combined biological and chemical treatment process for the purification and recycling of dyehouse effluents was developed and investigated. It is based on research on the anaerobic cleavage and aerobic mineralization of the sulfonated azo dye Mordant Yellow 3 by a bacterial consortium in a two-stage-process (Haug et al., 1990; Glässer et al., 1993; Liebelt, 1997 ) and on the increasing biological degradability through recursive partial oxidation with ozone of remaining recalcitrant compounds (Otto et al., 1998; Hemmi et al., 1999; Krull and Hempel, 2001) . A wastewater treatment and recycling plant was installed by the textile finishing company Drews Meerane GmbH, Meerane (Sachsen, Germany), which produces 12 mill. metres of colored textiles per year, and concomitantly 330,000 m 3 colored wastewater effluents per year, i.e. 1,300 to 1,500 m 3 per working day. The patented treatment process has stages for anaerobic dye-cleavage, aerobic mineralization of cleavage-products, and the decolorization and partial oxidation of traces of dye-residuals by oxidation with ozone (Diering et al., 2002; Krull, 2003) .
A feasibility study (Krull et al., 2000) has shown that approximately 40% of the effluents can be recycled after biological anaerobic and aerobic treatment. To increase the recycled water to 60% (864 m 3 per working day) the employment of a chemical oxidation is essential. Figure 1 shows the treatment concept used at the Drews Meerane site.
Flows from the production departments were combined as follows: as wastewater stream, those from dyeing, color preparation, parching and printing together, and as the recycling water stream those from pre-treatment, washing and tightening together. In each case a biological-anaerobic treatment stage for decolorization was used, and the products were mineralized under biological aerobic conditions. The produced surplus biomass can be drawn back in the anaerobic stages. The treated water from the wastewater stream was discharged, and that from the water recycling stream was recycled after in situ filtration in a second aerobic stage and chemical oxidation.
Principles of biological and chemical degradation of azo dyes Figure 2 shows the anaerobic decolorization of reactive azo dyes on the molecular level. The cleavage and decolorization of the azo dyes is performed by an unspecific facultative anaerobic bacterial mixed culture. Under anaerobic conditions most reactive azo dyes are cleaved at the nitrogen-nitrogen bond by biochemical reduction, which leads to the corresponding sulfonated aromatic amines.
For this cleavage the microorganisms need an auxiliary substrate in the form of readily biodegradable substrates. In addition to biodegradable substrates in the dye-containing wastewater, hydrolyzed cell components act as internal energy-and hydrogen-sources for the cleavage of these dyes. In this unspecific reduction of azo dyes, low molecular weight redox-mediators (e.g. flavins or quinones), which are reduced enzymatically by cells or chemically by inorganic reductants (e.g. H 2 S/HS -), are involved (Stolz, 2001; Yoo et al., 2000) . Most reactive azo dye-containing wastewaters can be decolorized by this anaerobic treatment process. In a following aerobic stage substituted cleft products are mineralized by the same microorganisms. The surplus bacteria produced in the aerobic stage are drawn back in the anaerobic stage to act as a source of the required auxiliary substrate. The removal of rest-color by chemical oxidation after anaerobic and aerobic processing contrasts with the attempted transformation of recalcitrant products by oxidation alone. The latter requires high amounts of oxidants. It is probable that for the removal of rest-color the oxidants have been used largely for reaction with the remaining chromophoric groups of the dyes.
Definition
Dye-containing media normally show no sharp limited maxima of absorption. Thus, the color of these media is measured in the visible spectrum at wavelengths of 436, 525 and 620 nm. The color is given by the spectral absorption coefficient (SAC). SAC can be measured by the absorption E in a cuvette with a layer thickness x at the mentioned wavelength by SAC = E/x, with dimensions 1/m. For practical handling Döpkens et al. (2001) use the color number (CN) which is characterized by an average of the SAC and defined as where the spectral absorption coefficients are SAC 436 , SAC 525 and SAC 620 at the three characteristic wavelengths.
Results and discussion
Chemical rest-decolorization Figure 3 shows the chemical decolorization of dye residuals in biological pre-treated wastewater with ozone and the combination of hydrogen peroxide and ozone. The graph shows the specific ozone consumption of decolorization Y CN versus the color of the water, expressed by CN. The specific ozone consumption of the decolorization Y CN is characterized by the amount of reacted ozone (m ozone ) per volume wastewater (V L ) and the reduced color (C in -CN)
The results show that the combined use of hydrogen peroxide and ozone has no advantage over ozone alone. After biological treatment and membrane filtration (pore size 0.1 µm) the mean color number CN in the recycling water stream of the supply of the oxidation stage was 15 m -1 . To decrease the color to 5.5 m -1 (limit value for sensitive high quality finishing) Y CN was 1.4 g ozone /(m 3 m -1 ). With this value the required power from an ozone generator (ṁ ozone ) in a technical set-up to obtain water recycling of 60% with a volume rate (V L ) of 36 m 3 /h is calculated by and with an accepted degree of ozone utilization efficiency (γ ozone ) of 80%, to ṁ ozone = 600 g ozone /h. The complete decolorization of the water (CN < 0.3 m -1 ) is also possible, but then Y CN increases to 8 g ozone /(m 3 m -1 ). Figure 4 shows schematically the wastewater treatment and recycling plant at the site of the textile finishing company. Two flows, one combined from dyeing, color preparation, parching and printing, and called the wastewater stream, and a second combined from pretreatment, washing and tightening, and called the recycling water stream, were purified in a two tracked wastewater treatment plant.
In the wastewater stream 40% of the total wastewater (576 m 3 /d) was treated and the remaining 60% (864 m 3 /d) was in the recycling water stream. Each track consisted of an anaerobic and aerobic treatment stage. For biomass recirculation parallel-plate interceptors were installed. While the biologically pre-treated wastewater stream was discharged to the municipal treatment plant, the recycling stream is further purified in a second aerobic stage (membrane biology) and separated from biomass by submerged hollow fibre membranes. The bacteria-free water was decolorized with ozone and recycled. The technical data of the wastewater treatment and recycling plant, the mean values of organic load and color of the different flows are shown in Table 1 .
COD and decolorization in the wastewater treatment and recycling plant Figure 5a shows the COD in the supply and the effluent of the wastewater stream. In the first period of the start-up the performance of the installed parallel-plate interceptor in the wastewater stream was not sufficient. After optimization the average COD was reduced from 1,325 to 649 mg/l, approximately 50%. The decolorization of the wastewater stream with improved performance of biomass separation is shown in Figure 5b . In the period between the 170th and 190th days of operation a stable reduction of color to 25 m -1 was obtained. After the annual closing of the textile mill (from day 212 of operation) an increased color in the supply of the wastewater stream was observed because of an enhanced production in the printing department. The average removal of color, from 117 m -1 in the supply to approximately 38 m -1 in the effluent amounted to 68%. The degradation results in each treatment stage of the recycling water stream are depicted for organic load (expressed as dissolved organic carbon (DOC)) in Figure 6a . The DOC decreases step by step from 365 (feed concentration of the recycling water stream before mixing with recirculated biomass; left bar) to 50 mg/l after rest-decolorization with ozone (right bar). The removal of color in the recycling water stream is illustrated in Figure 6b . Starting from an average color of 43 m -1 the most decolorization was obtained in the anaerobic treatment stage. Both the aerobic stage and the membrane biology have no significant Figure 5a and 5b Wastewater stream: COD (left) and color (right) in the supply and effluent effect on the decolorization performance. With membrane filtration a mean decolorization was obtained from 43 to approximately 11 to 15 m -1 according to a degree of decolorization between 75 and 65%, respectively. With additional ozone treatment the required values of color of 5.5 m -1 could be achieved. The mean overall color removal then increases to 87%.
Effect of the Drews Meerane wastewater treatment on the effluent from the municipal wastewater treatment plant
The effect is shown in Figure 7 . Before installating the wastewater and recycling plant the COD-limit value of 90 mg/l in the effluent had often been exceeded. The mean CODconcentration in the effluent amounted to 64 mg/l. With the Drews Meerane treatment the mean COD in the effluent of the municipal wastewater treatment plant decreases to 49 mg/l. After optimization of the biomass interceptors at the textile mill the municipal wastewater treatment plant stablized the COD in the effluent at less than 70 mg/l.
Conclusions
A combined biological-chemical process for the purification and recycling of residual dyehouse effluents containing azo dyes was developed and realized on a technical scale in cooperation with a medium-sized textile mill. The enterprise produces 330,000 m 3 of colored process water effluents per year. The process separated the effluents according to source into two streams, both of which contained anaerobic and aerobic treatment steps and biomass separation. The wastewater stream was discharged directly into the municipal wastewater system, but the recycling water stream was further membrane filtered and decolorized with ozone. The recycled effluent amounted to 60% of the total. The process increased the quality of water which could be recycled, increased the dye capacity of the textile mill, and minimized operation costs. Furthermore the municipal water treatment plant to which the textile plant discharged its waste did not need to increase its capacity. 
